BACKGROUND: Streptococcus pneumoniae (sp) is a leading cause of invasive and noninvasive bacterial disease in children. 7-valent pneumococcal conjugate vaccine (PCV-7) has been shown to significantly reduce the incidence of pneumococcal diseases, such as meningitis, bacteremia, pneumonia, and otitis media. Although PCV-7 was introduced in Korea in 2003, it is not yet included in the universal immunization program.
• The best way to prevent pneumococcal diseases is through vaccination. 7-valent pneumococcal conjugate vaccine (PCV-7) significantly reduced the incidence of pneumococcal diseases in large-scale studies conducted in the United States and Europe. PCV-7 is used in 74 countries worldwide and is incorporated into the national childhood immunization schedules in 16 countries. The World Health Organization recommends including PCV in infant vaccination programs.
• PCV-7 was introduced to Korea in 2003 but is not included in the universal immunization program mandated by the Korean Centers for Disease Control and Prevention. Only 15.3% of infants were administered at least 1 dose of PCV-7 in 2006.
Although cost and perceptions of cost-effectiveness may affect public health vaccine recommendations, to date no study has estimated the cost effectiveness of PCV-7 immunization in Korea.
• In many countries, vaccine cost was an important variable affecting the cost-effectiveness of including PCV-7 in nationwide immunization programs. Studies that evaluated benefits and costs of PCV-7 in the United States and Canada suggested that vaccine cost would need to be lower than the manufacturer's list price to achieve cost savings. More recent studies have also shown PCV-7 to be highly cost-effective when indirect effects on public health (e.g., herd immunity) are taken into account.
What is already known about this subject
• This is the first health economic evaluation of universal PCV-7 immunization in Korean infants. A decision analytic model estimated that PCV-7 immunization with a 4-dose schedule in a 2006 birth cohort of 451,514 infants in Korea could prevent 96,728 cases of pneumococcal diseases and 218 deaths (199 discounted deaths averted; 995 discounted life years gained [LYG] ) during the first 5 years of life.
• A universal PCV-7 vaccination program would initially cost Korean won (KW) 126,424 million (US$97.3 million) to purchase the vaccine (KW70,000 [US$54] per dose for 4 doses). Over a 5-year time horizon, PCV-7 vaccination could reduce medical and nonmedical costs by KW44,033 million (US$33.9 million), resulting in net program costs of KW82,391 million undiscounted (KW86,384 million discounted). The incremental costs per LYG were KW150.2 million (US$115,549) and KW103.9 million (US$79,955) for the 4-and 3-dose strategy, respectively. • A PCV-7 vaccination program would result in cost savings if the vaccine price per dose was KW22,100 and KW28,100 or less for the 4-and 3-dose schedules, respectively. As in other countries, vaccine price is just 1 determinant of cost-effectiveness for a PCV-7 universal immunization strategy in Korea. The attractiveness of a PCV-7 program depends both on vaccine price and on the potential indirect effects that vaccination has on public health.
S
treptococcus pneumoniae (sp) is a leading cause of invasive and noninvasive bacterial disease in children throughout the world, including Korea. 1,2 Pneumococcal diseases are treated primarily with penicillin, but penicillin resistance in nasopharyngeal sp is high in healthy Korean children, with rates of 82% reported in recent years. 3 The high rate of drug resistance makes treatment of pneumococcal infection difficult, possibly resulting in longer hospitalizations, use of more expensive alternative antibiotic therapy, higher mortality, and consequently increased medical costs. 4 Because sp is associated with bacterial meningitis, a disease with high mortality rates, careful selection of antibiotics and prevention strategies for these organisms is important. In Korea in 2006, the cost of pneumococcal diseases in children younger than 15 years of age was estimated to be Korean won (KW) 201 billion (US$154.6 million; 2009 exchange rate US$1 = KW1,300). Across all age groups in Korea, the economic burden of pneumococcal diseases was estimated at KW790 billion (US$607.7 million), including KW148 billion for otitis media, KW550 billion for pneumonia, and KW92 billion for both meningitis and bacteremia. 1 The best way to prevent sp diseases is through early vaccination. The 7-valent pneumococcal conjugate vaccine (PCV-7) has been available since 2000 to provide protection against pneumococcal diseases in children younger than 2 years of age. PCV-7 is considered clinically effective and safe and has shown significant reductions in the incidence rates of invasive pneumococcal disease, pneumonia, and otitis media in several large-scale studies conducted in the United States and Europe in infants and children. [5] [6] [7] [8] [9] [10] In the United States, where PCV-7 is used routinely to vaccinate children younger than 5 years of age, surveillance data from 2001 through 2003 documented substantial declines in invasive pneumococcal disease compared with pre-vaccine years.
11 PCV-7 is currently available in 74 countries worldwide with 16 having incorporated PCV-7 into their national childhood immunization schedules. 12 The World Health Organization (WHO) recently reported that pneumococcal disease is the foremost infectious disease among causes of death preventable by vaccination in children 5 years or younger worldwide and, as a result, has recommended including PCV in infant vaccination programs.
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Pneumococcal nasal carriage was found in 9.3% of the healthy children aged 9 years or younger and in 30%-34% of outpatient and hospitalized children aged 5 years or younger in Korea. Among the isolated sp serotypes identified in these nasal carriages, 84% are covered by PCV-7. [14] [15] [16] [17] Many factors can affect public health vaccine recommendations and vaccination rates. One possible limiting factor may be cost and perceptions of cost-effectiveness. The price of PCV-7 per dose makes PCV-7 the most expensive component of the routine immunization schedule. 18 In a decision analytic model of the cost-effectiveness of PCV-7, a universal vaccination program in the United States was estimated to save $342 million in medical and $415 million in nonmedical costs, such as lost work time, before accounting for the vaccine acquisition cost.
19 At the manufacturer's current list price of $58 per dose, infant vaccination would cost society $80,000 per life-year saved. It was estimated that vaccination of healthy infants would result in net savings for society if the vaccine cost less than $46 per dose and net savings for the payer if the vaccine cost less than $18 per dose.
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The objectives of the present study were to estimate the projected health benefits, costs, and cost-effectiveness of universal routine vaccination in infants considered as the primary target group for PCV-7 in Korea. An additional aim was to determine the vaccine price at which the PCV-7 immunization program would break even.
■■ Methods Decision Analytic Model Overview
A decision analytic model was used to estimate the public health and economic impact of a universal PCV-7 strategy compared with no vaccination on a static birth cohort. This model assumed as a starting point that all Korean infants born in 2006 were vaccinated with PCV-7 following a 4-dose schedule. The cohort size (451,514 infants) was defined based on birth statistics (Korean Life Table) provided by the Korea National Statistical Office.
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The cohort was assumed to change annually on the basis of death rate at each age band reported on the Korean Life Table. A decision tree ( Figure 1 ) was constructed to project the impact of infant vaccination on the incidence of invasive pneumococcal diseases including meningitis, bacteremia, pneumonia, and otitis media. The conceptual framework for this decision tree has been extensively reported in the literature. 19, [21] [22] [23] The analyses were performed primarily from a societal perspective over a 5-year time horizon. Approximately 75% of invasive pneumococcal diseases in children occur before the age of 5 years.
1 The efficacy of the vaccine for more than 5 years after immunization has not yet been determined. 21 With uncertainty relating to the duration of vaccine protection, this model was designed to project the impact of PCV-7 on pneumococcal disease burden, associated costs, and life years gained (LYG) during the first 5 years of life. Costs and benefits were discounted at 5%. Microsoft Excel 2000 (Microsoft Corp., Redmond, WA) was used to project health outcomes and costs, producing costeffectiveness analyses for 3-and 4-dose schedules, including univariate and probabilistic sensitivity analyses based on Monte Carlo simulation. In addition, break-even cost simulations were performed for 3-and 4-dose schedules.
implants. 28 Cochlear implantation has become the standard treatment for young children with severe to profound neurosensory hearing loss in Korea. 29 We assumed tympanostomy tube insertion for 5.9% of patients with acute otitis media to allow drainage of the middle ear to improve hearing and reduce the pain caused by the pressure of the purulent effusion. 8, 30, 31 Meningitis, bacteremia, and pneumonia could also result in death. However, we did not assume any mortality from otitis media.
Pneumococcal disease-related probabilities were derived from published data sources that included primarily Koreanspecific epidemiology data and clinical studies supplemented by national health statistic sources in Korea (Table 1) . 1, 8, 20, 24, [31] [32] [33] [34] [35] [36] [37] [38] [39] We used pneumococcal disease incidence rates primarily from reliable Korean-specific reports and National Health Insurance (NHI) claims data reported by the Korean Health Insurance Review & Assessment Service Agency (HIRA). Data from other countries were used when Korean data were not available. For example, the probability of a child receiving a tympanostomy as a consequence of otitis media came from non-Korean sources, such as the United States and Finland. 8, 31 The probabilities of the remaining clinical sequelae occurring from pneumococcal diseases and disease-related mortality were based on clinical studies of Korean children. 1, 24, [32] [33] [34] [35] [36] [37] [38] [39] 
Epidemiology of Pneumococcal Diseases
The clinical and laboratory criteria used to establish estimates of pneumococcal disease incidence in this study varied according to the disease. Bacterial meningitis was based on WHO criteria, defined as having 1 or more clinical signs or symptoms of meningitis lacking an identifiable bacterial pathogen and 1 of the following: a cerebrospinal fluid (CSF) appearing turbid; reports of protein > 100 milligrams per deciliter (mg per dL), glucose < 40 mg per dL; or white blood cell (WBC)/100 cells per cubic millimeter with > 80% neutrophils. 24 For estimation of invasive pneumococcal disease incidence, we considered probable bacterial meningitis that was treated medically and resulted in medical costs based on a study conducted by . 24 Bacteremia was defined if the pathogen was isolated only in the blood without an identified focal lesion and with no symptoms other than those associated with bacteremia or sepsis. 25 The long-term clinical sequelae associated with pneumococcal diseases were considered in this model. Meningitis can cause severe nervous system damage, such as hearing loss and paralysis. Neurosensory hearing loss is a common severe consequence of childhood bacterial meningitis. It can be a barrier to a child's normal speech, language, educational, and social development. [26] [27] Survival with deafness was assumed to require cochlear cases among invasive pneumococcal disease cases reported in a recent large observational study. 36 The incidence rates of pneumonia and otitis media were estimated from NHI claims data. 37 We estimated otitis media incidence on a per patient basis rather than a per episode basis.
37
Causative sp Rates. Determination of sp as the underlying cause of pneumococcal disease was based on 3 Korean studies. 1, [38] [39] In these studies, sp was the underlying cause of 43.5% of meningitis, 42.9% of bacteremia, 26.8% of pneumonia, and 29.2% of otitis media cases.
Case Estimates of Morbidity and Mortality in an Unvaccinated
Population. The numbers of cases of specific pneumococcal diseases were calculated by multiplying the specific disease incidence by the cohort size at each age-band and the rate of causative Disease Incidence Rates. The incidence of meningitis was based on a large prospective, population-based surveillance study of invasive bacterial diseases in Korean children aged less than 5 years. 24 Many of the infectious disease cases in Korea have negative culture results because antibiotics are often started empirically prior to obtaining cultures. In a 1998 Korean study of hospitalized children diagnosed with meningitis, only 18.0% of the cases were confirmed by both clinical symptoms and CSF tests. 40 This problem has implications for our study because the true incidence of meningitis could be greater than the 91.0 per 100,000 we used in our calculations to estimate disease burden; sensitivity analyses were performed to address this issue. We assumed that the bacterial meningitis cases that met the WHO definition would receive clinical treatment. The incidence of bacteremia was calculated based on the proportions of bacteremia and meningitis serum antibody concentrations in patients treated with a 3-dose schedule were comparable to those with a 4-dose schedule. [45] [46] Vaccinations are scheduled as 4 doses in the United States, Canada, and Netherlands, whereas many European countries, such as Sweden, Denmark, Norway, Italy, and Finland, and countries in other regions, such as Australia, primarily have a 3-dose vaccination scheduled at 3, 5, and 12 months on the basis of immunogenicity studies.
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2, 47 An immunogenicity study for PCV-7 in Korean infants reported that 97%-100% with a 3-dose vaccination showed a serum antibody concentration level greater than 0.35 micrograms per mL (the WHO-recommended minimum level to prevent invasive pneumococcal infections). Because post-vaccination mean serum antibody concentration levels were found to be higher in Korean infants than in the United States and European countries, 48 we assumed that a 3-dose vaccination schedule would provide preventive effects comparable to those of the 4-dose strategy. Thus, the immunogenicity studies and regulatory agencies appear to support a 3-dose vaccination schedule as an alternative to a 4-dose schedule.
The incidence of pneumococcal infections in vaccinated infants was assumed to be reduced in proportion to the demonstrated vaccine efficacy against infections. Serotype-specific efficacy rates were applied because vaccine efficacy against pneumococcal diseases is specific to 7 serotypes. No studies to our knowledge have evaluated PCV-7 vaccine efficacy in Korean children. There is, however, no evidence of ethnic variation in PCV-7 effectiveness. 7 Therefore, assumptions about vaccine efficacy were derived from the largest studies currently available, including the U.S. Northern California Kaiser Permanente (NCKP) 5 and the Finnish Otitis Media Vaccine (Finnish OM) 6 studies. The NCKP study evaluated the efficacy, safety, and immunogenicity of PCV-7 vaccination at 2, 4, 6, and 12-15 months in a prospective doubleblind study among 37,830 children in a health maintenance organization. 5 The Finnish study was a prospective, randomized, double-blind cohort design to evaluate PCV for the prevention of pneumococcal acute otitis media. 6 We estimated pneumococcal disease cases that were averted by PCV-7 during the study period (Table 1) . 1, 3, 5, 15, [41] [42] [43] 49 First, we estimated the number of sp-pneumococcal disease cases in Korea with serotypes covered by PCV-7. The serotype coverage rates ranged from 64.8% of otitis media to 68.2% of meningitis/bacteremia cases. Next, we multiplied the cases with PCV-7 serotype coverage by the vaccine's efficacy for pneumococcal diseases, assumed to be 97.4% for meningitis and bacteremia, 90.0% for pneumonia, and 57.0% for otitis media, using the 4-dose schedule. The estimated number of cases prevented by vaccination was equal to the serotype coverage rate times the efficacy rate times the estimated number of cases attributable to sp. For example, the estimated number of meningitis cases prevented by vaccination was 0.682 × 0.974 × 890 = 591. The 3-dose schedule was assumed to have 95% of the efficacy of the 4-dose schedule. Mean values across studies were used for the probability of tympanostomy, sp (Table 1) . For example, the annual number of all-cause cases of meningitis without vaccination was estimated by multiplying the annual rate of cases (91.0 cases per 100,000 children) by the birth cohort size (91.0 ÷ 100,000 × 451,514 = 411) for the first year. The annual number of meningitis cases due to sp was estimated by multiplying the annual number of all-cause cases by the rate of disease attributable to sp (0.435 × 411 = 179). The annual number of meningitis cases due to sp calculated per each age was then summed over 5 years to reflect the total number of cases occurring during the first 5 years of life for the birth cohort.
To estimate the consequences of pneumococcal disease due to sp, the number of sp-related cases of disease was multiplied by the annual probability of each clinical sequela to generate an estimate of the number of infants with (a) disability or severe hearing loss from meningitis; (b) tympanostomy in patients with otitis media; and (c) mortality from meningitis, bacteremia, or pneumonia (Table 1) . For example, the total number of deaths due to meningitis over the 5-year time horizon was 41 (the accumulated number of meningitis cases due to sp [890] × the annual meningitis mortality rate [0.046]). To estimate the number of children receiving cochlear implants, the number of patients with severe hearing impairment due to meningitis was multiplied by the probability of receiving an implant.
Vaccine Efficacy
Multivalent conjugate vaccine has been proven to be immunogenic in infants, inducing immunologic memory and the formation of antibodies detectable in mucosal secretions and reducing nasopharyngeal carriage of pneumococci. 6 The reported efficacy of vaccines can vary depending on which serotypes are responsible for the disease, vaccination schedules, epidemiology in a specific country, and ethnic differences in immunogenicity. The serotypes commonly found in Korea differ from those in the United States and Western Europe, where PCV-7 was developed to cover the pneumococcal serotypes frequently encountered there. Vaccine efficacy is dependent on the overlap of serotypes included in vaccines and serotypes of disease-causative sp. The efficacy of vaccines reported in other countries was applied in this model with adjustments for the different pneumococcal serotype distributions in Korea. Serotypes isolated in Korean children with pneumococcal infections were mainly 4, 6A, 6B, 9V, 14, 19A, 19F, 23A, and 23F. 17 The serotypes covered in PCV-7 include 4, 6B, 9V, 14, 18C, 19F, and 23F. Thus approximately 65%-68% of all serotypes isolated from cases of pneumococcal diseases in Korea are covered by PCV-7. [1] [2] [3] 15, [41] [42] [43] This model assessed both a 4-and 3-dose vaccination schedule. The 4-dose schedule of the vaccine (at 2, 4, 6, and 12 months) is more closely aligned with the current immunization schedule guidelines recommended by the KCDC. 44 There have been some reports of efficacy in partially vaccinated groups; for example, Kayhty et al. (2005) found that 3 doses of PCV-7 evoked strong antibody response for all serotypes. 45 Pneumococcal
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reported for medical and nonmedical cost items were based on Korean-specific data sources. 20,37,52-54 Direct medical costs included the cost of vaccine and treatment for pneumococcal diseases. Direct nonmedical costs included transportation costs for medical care due to pneumococcal diseases. Indirect medical costs (not shown) included the costs associated with economic productivity loss (i.e., time spent caring for infected children by caregivers) owing to pneumococcal disease morbidity. Productivity loss due to premature death in nonvaccinated infants and productivity gains owing to prevention of premature death in vaccinated infants were not considered. These factors were not included to avoid double-counting the vaccination benefit and because children younger than 5 years of age are not old enough to participate in the labor force. In the vaccinated group, it was assumed that direct medical and nonmedical costs would be reduced to the same degree as vaccine-attributable prevention of diseases. All costs are reported annual mortality for meningitis and bacteremia, and serotype coverage rates because these parameters were based on 2 or more studies.
Vaccine efficacy was assumed to be the same throughout 5 years and applied during the analysis period. 49 In a recent economic study, PCV-7 was assumed to elicit a long-lasting immune response in young children, based on immunologic studies indicating that PCV-7 would stimulate a long-lasting antibody response and provide an extended duration of protection. [50] [51] However, vaccine effectiveness was not reported for each age group, and duration of protection afforded by the vaccine still remains uncertain. Thus, we assumed that protection efficacy would last at the same level during the 5 years.
Costs
The medical and nonmedical cost parameters used in this analysis are reported in Table 2 . The average unit costs the Korea National Statistical Office. 20 We assumed 4 hours of work loss for an outpatient visit and 8 hours of work loss for an inpatient admission. The rates of hospitalization, frequency of outpatient visits, and length of stay for hospitalized patients were based on the NHI Yearbook. 37 Transportation and time costs related to physician visits for vaccine administration were not included because we assumed that this vaccine was administered concurrently with other vaccines in the same visit.
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Analyses
Pneumococcal disease cases and deaths for vaccination and no-vaccination strategies were compared to determine cases of pneumococcal disease and deaths prevented over a 5-year period from vaccination. The incremental cost and benefits of a direct vaccine-induced protection effect compared with no vaccination were calculated by adding costs and benefits for each of the 2 strategies. Incremental cost-effectiveness ratios (ICERs), expressed as cost per death averted and cost per LYG, were calculated for vaccination versus no vaccination. Differences in overall cost and outcomes between the vaccination and no vaccination scenarios, respectively, were calculated for the denominator and numerator of the ICER. A 5% discount rate was applied to cost and benefits in the cost-effectiveness analyses.
Sensitivity Analyses.
We evaluated how the model's results changed when key assumptions were varied over plausible ranges using univariate and probabilistic sensitivity analysis primarily around the cost per discounted death estimates. We performed sensitivity analyses for the following parameters: pneumococcal disease incidence rates, disease-associated medical costs, discount rate, and vaccine price per dose. The ranges of variables used in sensitivity analyses for the annual incidence of meningitis and bacteremia were based on the 95% confidence intervals reported in published sources. A plus/minus (±) 25% range around the base-case value was applied for all other variables considered in the sensitivity analyses. We varied vaccine costs from KW10,000 up to KW70,000 (the base-case price) per dose. Additionally, a break-even cost, defined as the per dose vaccine price that results in a total cost of vaccination equivalent to the total resulting discounted cost savings for avoided pneumococcal disease, was calculated.
A probabilistic sensitivity analysis was performed using a 10,000-replication Monte Carlo simulation. We assumed that (a) incidence rates of pneumococcal diseases, such as bacteremia, meningitis, pneumonia, and otitis media, had beta-distributions; and (b) medical costs for bacteremia, meningitis, pneumonia, and otitis media and clinical sequelae, such as hearing loss and disability, had gamma-distributions, 57 with standard errors that were the same as the mean values derived from the NHI Yearbook. We calculated 95% confidence intervals (CI) for ICERs using the percentile method. Cost-effectiveness acceptability curves were calculated to identify the probability of vaccination in 2006 KW currency. Prices were adjusted using the Korean Consumer Price Index.
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Vaccination Program Costs. The cost of PCV-7 is the only input cost for a vaccination program included in this model. We assumed that PCV-7 uptake was 100% for all vaccination schedules in the 2006 birth cohort during the first year. The vaccine was assumed to be administered concurrently with other vaccines on the same day based on convenience and because there is no evidence of interactions between PCV-7 and other vaccines. 12, 55 The market price of PCV-7 vaccine per dose in Korea is KW100,000.
52 Based on the Yearbook of Imported Pharmaceutical Goods 56 and the importer's profit margin, we assumed a wholesale price of KW70,000 (approximately $US54) per dose. We used the wholesale price in our base-case analysis because it better reflects actual cost in Korea than does the market price. Vaccinationrelated costs, such as administration, supplies, and medical staff time, were not considered because we assumed that PCV-7 was injected at the same office visit with other vaccines. Because vaccination safety data indicate that no local infusion-related reaction or side-effect was severe enough to require significant medical attention or treatment, 48 these costs were not included in the model.
Medical Costs for Pneumococcal-Associated Diseases.
Direct medical costs for individual pneumococcal diseases and clinical sequelae, such as hearing loss and disability, were derived from the 2006 NHI Yearbook. 37 Average annual costs per patient were calculated as total NHI costs, excluding payments made by patients, divided by the total number of patients. Direct medical costs included medical resources, such as prescribed medications, medical procedures, and diagnostic tests, used by patients diagnosed and treated for pneumococcal diseases in inpatient, ambulatory, or emergency room settings. The costs for cochlear implants and tympanostomy tube insertions were based on the NHI Reimbursement Price List 53 and multiplied by a defined weighted price factor of 1.25 because these procedures are typically administered in the hospital. We assumed that the cost for neurological disability in survivors of meningitis was similar to that of paralysis. The costs of disability and severe hearing loss from meningitis and cochlear implants and tympanostomy tube insertions were added to average annual disease cost.
Nonmedical Costs Including Transportation and Work Loss.
Transportation costs for a medical institution visit were based on 2005 Korean National Health and Nutrition Examination Survey (NHANES III) data. 54 The one-way costs for transportation for an outpatient and a hospitalized patient were reported to be KW8,891 and KW11,019, respectively. Time lost at work by the parent of a child with pneumococcal disease was valued using the human capital method. The average gross hourly wage for Korean women laborers aged 30-39 years (assumed to be the age group with children younger than 5 years of age) was reported to be KW8,946 per hour based on national data provided by 50,808 otitis media) and 218 deaths, resulting in 575 discounted LYGs for the first 5 years from birth.
The medical and nonmedical cost burden of sp pneumococcal disease in an unvaccinated birth cohort aged 5 years or younger was KW95,484 million. An estimated total of KW44,033 million in medical (KW13,372) and nonmedical (KW30,661) cost reductions would occur because of the 4-dose vaccine program. The 3-dose vaccine regimen would be expected to provide 95% of the health and economic benefit of the 4-dose regimen based on our assumption of vaccine efficacy. The costs of acquiring vaccine for the 451,514 infants in the 2006 birth cohort were estimated to be KW126,424 million for the 4-dose regimen and KW94,818 million for the 3-dose regimen. The undiscounted incremental program costs were estimated to be KW82,391 million (discounted KW86,385 million) for the 4-dose regimen and KW52,986 million (discounted KW56,781 million) for the 3-dose regimen. For the 4-dose schedule, the cost per discounted death averted was KW435.2 million (US$334,787), and per discounted LYG was KW150.2 million (US$115,549). For the 3-dose schedule, the cost per discounted death averted was KW301 million (US$231,538) and per discounted LYG was KW103.9 million (US$79,995). being cost-effective at various levels of willingness to pay (WTP) for an additional discounted death averted.
■■ Results Base Case Analysis
The health outcomes and costs for the no-vaccination and universal vaccination strategies are presented in Table 3 . Over a 5-year time horizon, the estimated numbers of cases of pneumococcal disease attributed to sp in the 2006 birth cohort were 212,762 in the no-vaccination strategy and 116,034 under a universal 4-dose vaccination program. Permanent disability from meningitis was estimated to occur in 28 children without vaccination and 9 children with vaccination. Without vaccination, hearing loss from meningitis was estimated to occur in 16 children, with 3 of these receiving a cochlear implant. With vaccination, hearing loss and cochlear implant cases would be reduced to 5 and 1, respectively. Tympanostomy was estimated to be performed in 8,116 children without vaccination and 5,118 with vaccination. The estimated numbers of deaths due to sp-related meningitis, bacteremia, and pneumonia were 347 in the no-vaccination strategy and 129 in a universal vaccination program. Thus, a 4-dose PCV-7 immunization program could prevent 96,728 cases of pneumococcal diseases (591 meningitis, 1,379 bacteremia, 43,950 pneumonia, and the costs and benefits of a program is necessary for an informed decision. In this study, a decision analytic model estimated that a universal PCV-7 program would significantly reduce pneumococcal disease incidence and mortality for 5 years after birth. The study also demonstrated the potential to offset some medical and nonmedical costs with vaccination. Study results may be helpful for decision makers to determine whether or not to introduce PCV-7 to the universal vaccination program in Korea. As the KCDC continues to evaluate immunization programs, a costeffectiveness study of PCV-7 may provide a useful framework for assessing the health and economic impact in Korea.
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Decision analytic models similar to that reported in the present study were used in economic evaluations for PCV-7 in the United States, 19 Australia, 22 Finland, 23 and the Netherlands, 58 and for the Haemophilus influenzae type B (Hib) vaccine in Korea. 59 This type of model can be used to compare the cost-effectiveness of a vaccination with no vaccination option as newer vaccines are introduced.
The economic benefits of PCV-7 vaccination have been evaluated in a number of countries. The results have been used to inform vaccine policy change decisions, sometimes to include PCV-7 in the country's national immunization program. These studies are diverse in their assumptions about vaccine efficacy, incidence rates, and reported results. In a 2000 study of the projected cost savings associated with PCV-7 in the United States, it was estimated that vaccination of infants would result in net savings for society and health care payers if the vaccine cost per dose was less than $46 and $18 respectively. 19 In a 2004 cost-effectiveness study conducted in England and Wales, the universal vaccination program was not expected to be cost-effective from
Sensitivity Analyses
Results of the univariate sensitivity analyses are shown in Figure 2 . The ICER was decreased by reducing the vaccine cost and increasing disease incidence rates in the sensitivity analyses. The annual incidence of pneumonia appeared to be the disease parameter to which the ICERs were most sensitive. As expected, the ICERs were more favorable when the cost of vaccine was lower. At vaccine prices of KW30,000 and KW20,000 per dose, the corresponding ICERs per discounted death averted were KW71 million and KW20 million, respectively. The break-even costs at which the acquisition cost of vaccine equals the discounted cost offsets from vaccine were KW22,100 and KW28,100 for the 4-and 3-dose schedules, respectively (Figure 3) . In probabilistic sensitivity analyses, mean ICERs were KW495 million (95% CI = 392-550) and KW324 million (95% CI = 222-373) in the 4-and 3-dose scenarios, respectively (data not shown).
The acceptability curves for a universal vaccination program at various vaccine price cut-offs and dosing schedules are shown in Figure 4 . With a 4-dose schedule and 50% probability of vaccination being cost-effective, values for WTP for an additional LYG were KW18 million, KW116 million, and KW310 million at vaccine prices per dose of KW20,000, KW30,000, and KW50,000, respectively. As expected, the probabilities of vaccination being cost-effective in the 3-dose schedule were higher than in the 4-dose schedule at the same WTP.
■■ Discussion
Although decisions about universal introduction of a vaccine to a national child immunization program are strongly influenced by the vaccine's acquisition price, an overall evaluation of both 
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tion program. A review of recently published economic evaluation studies for PCV-7 programs conducted during [2002] [2003] [2004] [2005] [2006] showed that cost-effectiveness of PCV-7 vaccination programs would be viewed as attractive in developed countries if the net long-term impact remains beneficial, determined by a mixture of effects related to herd immunity, serotype replacement (i.e., change in serotype distribution occurring after infant vaccination), 60 and antibiotic resistance. Cost-effectiveness of PCV-7 vaccination would also be enhanced if a 3-dose schedule confers near-equivalent protection to a 4-dose schedule.
2 The costeffectiveness of PCV-7 has recently been updated to include the indirect effects of herd immunity on incidence of invasive pneumococcal disease, pneumonia requiring hospitalization, and otitis media after 7 years of use in the United States. The ICER dropped from US$201,000 per life year saved to US$10,400 per life year saved after accounting for herd immunity. 62 In summary, the benefits of vaccine programs are difficult to evaluate precisely because of uncertainties about the current pneumococcal disease burden, period of vaccine efficacy, and the long-term effect of vaccines on pneumococcal disease epidemiology. Some assumptions of our model should be verified using clinical data in the future to reduce uncertainties.
PCV-7 vaccination may have other benefits, such as reducing the National Health Service perspective at the current price of the vaccine (assumed 30 pounds (£) per dose, 3-dose program); however, researchers estimated that a 50% reduction in vaccine cost would bring the cost per quality-adjusted life year (QALY) gained to within normal acceptable ranges. 60 In a 2003 Canadian study, it was estimated that the societal benefit-to-cost ratio would be 0.57 at the vaccine price of $58 per dose, and vaccination would result in net savings for society if the vaccine price was less than $30 per dose. 61 In the Netherlands, it was reported that the baseline cost-effectiveness ratio of a PCV-7 vaccination program at a vaccine price of 40 euros (€) per dose would be relatively unfavorable when compared with other interventions that have been implemented in the country. However, after adjustment for the incidence rates of meningitis and bacteremia and inclusion of the herd protection effect (i.e., reduction in the disease incidence rate from reduced transmission of pneumococci after infant vaccination to nonvaccinated individuals), 62 the ICER was reduced by one-fourth. 58, 63 In these studies, vaccine purchasing cost was found to be the most important variable that affects the decision whether to include PCV-7 in the national immunization program in individual countries.
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Several factors other than those assessed in the present study have the potential to affect the cost-effectiveness of a vaccina- that overall and long-term effectiveness of widespread use of PCV-7 is difficult to predict at the population level. In addition, as there were no data in Korea to estimate the potential effects of herd immunity and a lack of reliable information on the changes of vaccine efficacy from decreased antibacterial resistance, we analyzed only direct vaccine effectiveness for the first 5 years in a birth cohort without modeling the possibility of serotype replacement or herd immunity.
The main health outcomes measured in this analysis were deaths averted and LYG on the basis of reduced mortality. We did not capture quality of life (QOL) gains attributable to the reduced short-and long-term morbidity associated with pneumococcal disease because we had no available QOL data in Korean children for the individual health states considered in this model. It is not possible to quantify the impact of this omission on the resulting ICERs and their apparent attractiveness. In a study by Butler et al. (2004) , 22 the ICER for PCV-7 was AUS$230,130 per LYG, while the cost per disability-adjusted life year (DALY) averted was AUS$121,100. In a study by Hubben et al. (2007) , 63 the ICER for antibiotic-resistant sp organisms. Korea is an area with serious antibiotic resistance problems. There is some evidence to suggest that sp isolates resistant to antibiotics were reduced by PCV-7 vaccination. 64 As antibacterial resistance is a risk factor for sp causative infections, reduction of antibiotic-resistant pathogens could have additional positive effects not measured in the current analysis. On the other hand, PCV-7 has preventive effects for only about 90 sp specific serotypes, but these can be replaced by other serotypes not included in a vaccine after introduction of vaccination. Invasive pneumococcal diseases caused by serotypes other than those found in PCV-7 were found to be increased during the vaccine period (2002-2006) compared with the pre-vaccine period (1997) (1998) (1999) (2000) (2001) in Spain. 65 Serotype replacement has emerged as a limitation of PCV-7 but is still controversial. Furthermore, if serotype replacement caused a reduction in the carriage of vaccine serotypes, herd immunity would be of less interest. Also, there are some variations in common pneumococcal serotypes in different parts of the world and in transmission of the pathogen in different socio-cultural circumstances. These variations mean PCV-7 was €15,600 per LYG and €14,000 per QALY gained. In both cases the ICER was more attractive when a QOL adjustment was made to the health outcome in the ratio. An economic evaluation of a Hib vaccination program by Shin et al. (2008) conducted in Korea can be used as a reference to compare with the present study's results. Shin et al. found that the benefit-to-cost ratio for Hib vaccination was 0.77 at the assumed vaccination cost of KW26,000, but the ratio would be increased to 1.0 if the vaccination cost was less than KW20,000, one-half the current price of KW40,000 per dose of vaccine. 59 Shin et al. suggested that the low economic benefit was attributable to the low incidence rate of Hib infection and the high price of the Hib vaccine.
Our study results show that a nationwide PCV-7 vaccination program would produce a net savings if the vaccine prices per dose were no more than KW22,100 (US$17) for a 4-dose or 28,100 (US$22) for a 3-dose regimen, suggesting that similar price levels for both Hib and PCV-7 are appropriate for integration into a universal immunization program. The public health rationale should be clearly based on clinical outcomes, benefits, and costs. A decision about PCV-7 introduction into immunization programs would depend on vaccine price as a major determinant of cost-effectiveness.
Limitations
First, we used a simplified decision analytic model to avoid too many assumptions. For the disease sequelae, some events may occur in combination, or more rare events may occur that were not captured in the model. Second, vaccine efficacy was followed for only 5 years after birth even though the duration of efficacy may be longer. Longer follow-up would produce much better clinical outcomes and cost savings because input cost would not increase while outcomes, including reduced productivity loss and disease incidence for the extended period, would be counted. This limitation might make the results of our analysis conservative. Also, only confirmed cases proven from culture were assumed in this study, potentially resulting in underestimation of actual pneumococcal disease incidence.
Third, there are uncertainties and potential biases in the disease incidence rates and vaccine efficacy rates used in this model. In some instances, we used data from other countries because Korean epidemiology data were not available. We estimated otitis media incidence on a per patient basis from NHI data rather than a per episode basis, resulting in an underestimation of disease burden and efficacy. The study by Lee et al. (2006) 1 that was used to estimate disease-related morbidities and mortalities was a 10-year retrospective study conducted in university hospitals. This setting is highly selective, and high-risk patients are usually referred to teaching hospitals, many of which are in a localized geographic area. In spite of these shortcomings, our use of Koreaspecific data for most key parameters provided a reasonably accurate assessment of invasive pneumococcal diseases in Korean children. For vaccine efficacy, data from other countries were used when Korean data were not available. However, we adjusted assumptions about PCV-7 vaccine efficacy to reflect the distribution of serotypes most prevalent in Korea.
Fourth, because assumptions about pneumococcal diseaserelated direct medical costs were derived from NHI data, 37 they did not include costs paid by patients, resulting in an underestimation of the cost of disease. The break-even costs for vaccine would have been higher if patient out-of-pocket expenditures were included in the cost offsets of a vaccination program. In order to better understand the impact that these uncertainties may have on outcomes, sensitivity analyses were performed for varied ranges of pneumococcal disease incidence rates and cost of disease. The ICERs were most sensitive to the incidence of pneumonia and the cost of vaccine.
Finally, we did not consider some factors that affect vaccine efficacy and the magnitude of its benefits on a population basis. These include the indirect effect or herd immunity protection inferred on unvaccinated individuals of all ages, the potential to reduce antibiotic resistance due to decreased use of antibiotics, and replacement of PCV-7 serotypes with nonvaccine serotypes. No reliable Korean data were available on these factors. PCV-7 has been reported to have the potential to reduce nasopharyngeal colonization and transmission of vaccine-type pneumococcal pathogens from vaccinated children to the unvaccinated population. 5, 66 This herd immunity effect could also have an impact on the cost-effectiveness of the PCV-7 strategies. There is some evidence that pneumococcal disease incidence is lower in both children and adults since universal PCV-7 vaccination was introduced in children.
67-69
■■ Conclusion
In this analysis, we predicted that universal PCV-7 vaccination of infants in Korea can significantly reduce the economic burden, morbidity, and mortality of pneumococcal disease by preventing pneumococcal infections. However, the cost-effectiveness of either a 4-or 3-dose vaccination strategy based on deaths averted or LYGs appears to be unattractive at current vaccine prices. The literature suggests that factors not considered in this analysis have the potential to make the public health impact and cost-effectiveness of universal PCV-7 vaccination in Korea more favorable. The impact of herd immunity, improved quality of life among nonfatal pneumococcal disease patients, reduced antibiotic resistance, longer than assumed duration of efficacy, and potential confounding of the true incidence rate because of empiric antibiotic therapy could improve the ICERs and net costs. Future research is needed to improve knowledge about these parameters in Korea and better inform future cost-effectiveness modeling.
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